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INTRODUCTION

The q u a l i t y o f a quantum c h e m i c a l c o m p u t a t i o n must b e assessed i n terms o f t h e p u r p o s e f o r w h i c h t h e r e s u l t i s i n t e n d e d . P a r t i c u l a r l y a t a c o n f e r e n c e o n T h e o r e t i c a l O r g a n i c C h e m i s t r y , i t i s n e c e s s a r y t o keep i n m i n d t h a t quantum c h e m i s t r y has n m reached a s t a g e where i t i s p r a c t i c e d f o r s p e c i f i c c h e m i c a l p u r p o s e s r a t h e r t h a n as an e x e r c i s e i n i t s own r i g h t . T h u s , t h e u n q u a l i f i e d c h a r a c t e r i z a t i o n o f a g i v e n p r o c e d u r e as a "good method" o r a "poor method" i s m e a n i n g l e s s w i t h o u t t h e s p e c i f i c a t i o n o f what i t i s good f o r o r p o o r f o r . An ab i n i t i o H a r t r e e -F o c k c a l c u l a t i o n may be a b y s m a l l y p o o r f o r d e t e r m i n i n g d i s s o c i a t i o n pathways b u t s t i l l b e e x c e l l e n t f o r d e t e r m i n i n g e q u i l i b r i u m bond a n g l e s . S i m i l a r l y , t h e p h r a s e "good agreement w i t h e x p e r i m e n t " i s o f t e n m i s u s e d , w i t h t h e a d j e c t i v e "good" u n d e r s t o o d o n l y by t h e a u t h o r . I d e a l l y i t s h o u l d mean t h a t t h e agreement i s w i t h i n t h e e x p e c t e d e r r o r o f t h e e x p e r i m e n t and t h a t t h e r e i s r e a s o n t o b e l i e v e t h a t t h e agreement i s n o t f o r t u i t o u s .
The p r e s e n t p a p e r summarizes r e c e n t e f f o r t s f r o m o u r l a b o r a t o r y and e l s e w h e r e t o o b t a i n i n f o r m a t i o n on n e a r -e q u i l i b r i u m s t r u c t u r e s and o n m o l e c u l a r v i b r a t i o n a l dynamics a t a l e v e l o f a c c u r a c y c m p a r a b l e t o t h a t o b t a i n a b l e f r o m h i g h -q u a l i t y e x p e r i m e n t s . I t i s n o t t h e i n t e n t t o b e a b l e t o p r e d i c t a r o t a t i o n a l t r a n s i t i o n f r e q u e n c y t o t h e one p a r t i n 10,000,000 t o w h i c h i t can be e a s i l y measured i n t h e m i c r o w a v e s p e c t r u m , b u t r a t h e r t o a c h i e v e t h e c h e m i c a l l y u s e f u l g o a l o f c o m p u t i n g t h e r e l e v a n t m o l e c u l a r p r o p e r t y , i n t h i s case s t r u c t u r e , as a c c u r a t e l y as i t can b e deduced by a n a l y s i s o f t h e e x p e r i m e n t a l d a t a . S i m i l a r l y , emphasis i s p l a c e d on t h e c o m p u t a t i o n o f m o l e c u l a r v i b r a t i o n a l p o t e n t i a l s u r f a c e s as a c c u r a t e l y as t h e y can be o b t a i n e d f r o m s p e c t r o s c o p i c s o u r c e s r a t h e r t h a n a t t e m p t i n g t o r e p r o d u c e t h e raw s p e c t r o s c o p i c d a t a .
F u r t h e r , a t t e n t i o n w i l l b e g i v e n t o r e c e n t successes i n e x t e n d i n g such c a l c u l a t i o n s and a c c u r a c y i n t h e d i r e c t i o n o f p r o g r e s s i v e l y l a r g e r m o l e c u l e s .
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As a r o u g h r u l e , t h e g o a l o f c o m p u t i n g m o l e c u l a r q u a n t i t i e s as a c c u r a t e l y as t h e y can be deduced from e x p e r i m e n t a l a n a l y s i s t r a n s l a t e s i n t o a l l o w a b l e s t r u c t u r a l i n a c c u r a c i e s on t h e o r d e r of a few t h o u s a n d t h s o f an h g s t r o m i n bond l e n g t h s and a f e w t e n t h s o f a d e g r e e i n bond a n g l e s . L e s s e r a c c u r a c y may s t i l l b e u s e f u l i n some c a s e s , b u t t h e s e f i g u r e s c a n b e t a k e n as a t a r g e t l e v e l . The s i g n i f i c a n c e o f t h i s t a r g e t c a n b e r e a l i z e d b y c o n s i d e r i n g t h a t t h e m a i n i n t e r e s t i n m o l e c u l a r s t r u c t u r e a r i s e s from t h e u t i l i t y i t has i n a c t i n g as a p r o b e o f t h e v a r i a t i o n s i n e l e c t r o n d i s t r i b u t i o n t h a t d i s t i n g u i s h one m o l e c u l e f r o m o t h e r c l o s e r e l a t i v e s , t h e r e b y i m p a r t i n g c h e m i c a l i n d i v i d u a l i t y t o t h e p r o p e r t i e s and r e a c t i o n s o f each s u b s t a n c e . S t r u c t u r a l v a r i a t i o n s between c h e m i c a l l y r e l a t e d m o l e c u l e s , e s p e c i a l l y i n t h e o r g a n i c realm,
e l i a b i l i t y near t h e l e v e l suggested,
The c o m p u t a t i o n a l d e t e r m i n a t i o n o f a m o l e c u l a r s t r u c t u r e i n v o l v e s m i n i m i z i n g t h e m o l e c u l a r energy w i t h r e s p e c t t o simultaneous v a r i a t i o n o f a l l s t r u c t u r a l parameters. The r e s u l t i n g e q u i l i b r i u m geometry i s n o t i d e n t i c a l w i t h any o f t h e v a r i o u s t y p e s o f v i b r a t i o n a l l y averaged geometries o b t a i n e d by e x p e r i m e n t , b u t c o n v e r s i o n among t h e s e i s w e l l u n d e r s t o o d , a t l e a s t i n p r i n c i p l e ( r e f . 1 ) . The a p p l i c a t i o n o f t h e p r o c e d u r e t o c a n p l e x m o l e c u l e s became p r a c t i c a l w i t h i n t r o d u c t i o n o f t h e g r a d i e n t t e c h n i q u e , f i r s t g i v e n s y s t e m a t i c development by P e t e r P u l a y of t h e Lordnd EBtv'bs U n i v e r s i t y i n Budapest ( r e f . 2 ) .
Numerous w i d e l y used computer p r o g r m s now make use o f v a r i o u s implementations o f t h e t e c h n i q u e .
Empirical correction of computed geometries: Use of offset values
I n a c c u r a c i e s i n t h e c o m p u t a t i o n a l d e t e r m i n a t i o n o f m o l e c u l a r s t r u c t u r e a r i s e from t h e numerous a p p r o x i m a t i o n s t h a t a r e commonly made i n s o l v i n g t h e S c h r t i d i n g e r e q u a t i o n , i n c l u d i n g use o f t h e Born-Oppenheimer a p p r o x i m a t i o n , n e g l e c t o f r e l a t i v i s t i c c o r r e c t i o n s , use o f a s i n g l e -d e t e r m i n a n t w a v e f u n c t i o n , use o f a f i n i t e b a s i s s e t i n expansion o f t h e m o l e c u l a r w a v e f u n c t i o n , and n e g l e c t o r i n c o m p l e t e t r e a t m e n t o f e l e c t r o n c o r r e l a t i o n . The l a s t two a r e t h e most i m p o r t a n t except i n t h o s e r a t h e r few cases where a m u l t i -c o n f i g u r a t i o n w a v e f u n c t i o n i s necessary, e . g . , f o r p r o p e r d e s c r i p t i o n o f t h e n i t r o -group ( r e f . 3 ) . W h i l e such problems a r e i m p o r t a n t , t h e y a r e n o t c o n s i d e r e d i n t h e remainder o f t h i s paper.
The combined e f f e c t o f n e g l e c t o f e l e c t r o n c o r r e l a t i o n and use o f a f i n i t e b a s i s s e t i s i l l u s t r a t e d i n F i g . 1 , which has been p r e s e n t e d e a r l i e r ( r e f . 4 ) . The f i g u r e sketches t h e e r r o r i n some one k i n d o f s t r u c t u r a l parameter, such as a C-H d i s t a n c e o r H-C-H bond a n g l e as computed i n a v a r i e t y o f m o l e c u l a r environments and w i t h d i f f e r e n t s i z e d b a s i s s e t s . W i t h an i n f i n i t e b a s i s s e t ( t h e H a r t r e e -F o c k l i m i t ) , t h e e r r o r due t o n e g l e c t o f e l e c t r o n c o r r e l at i o n has been found e m p i r i c a l l y t o be remarkably c o n s t a n t f o r a g i v e n parameter. F o r s m a l l b a s i s s e t s ( o r s e m i -e m p i r i c a l c a l c u l a t i o n s ) , t h e e r r o r v a r i e s i n d i f f e r e n t m o l e c u l a r e n v i r o nments. Above a g i v e n b a s i s s e t s i z e , however, t h e e r r o r approaches a f i x e d v a l u e , independe n t o f t h e m o l e c u l e i n w h i c h t h e bond o r a n g l e i s found. These o b s e r v a t i o n s a r e n o t e x a c t , o f course, b u t a g r e a t d e a l o f e v i d e n c e suggests t h a t d e v i a t i o n s a r e u s u a l l y w i t h i n t h e range o f u n c e r t a i n t y about t h e " t r u e " v a l u e o b t a i n e d from e x p e r i m e n t . C a l c u l a t i o n s can be done e f f i c i e n t l y a t t h e p o i n t marked "X" i n F i g . 1 , w h i c h f o r many s t r u c t u r a l parameters c o r r e sponds t o a p p r o x i m a t e l y double z e t a b a s i s s e t s .
F o r some parameters, such as t o r s i o n a l a n g l e s around n i t r o g e n o r oxygen, i t i s e s s e n t i a l t o a t l e a s t add a s e t o f p o l a r i z a t i o n f u n c t i o n s t o t h e b a s i s t o reach t h i s p o i n t . The c o n s t a n t e r r o r f o r a g i v e n m o l e c u l e parameter w i t h a g i v e n , s u f f i c i e n t l y l a r g e b a s i s s e t i s c a l l e d t h e o f f s e t v a l u e ( r e f . 4). For example, t h e o f f s e t v a l u e f o r a C-H d i s t a n c e w i t h t h e 4-21 b a s i s s e t i s + 0 . 0 0 5 A . c a l c u l a t e d d i r e c t l y w i t h such a b a s i s w i t h o u t c o n v i n c i n g d e v i a t i o n from e x p e r i m e n t a l v a l u e s , so t h e y may be s a i d t o have an o f f s e t v a l u e o f z e r o . v a l u e s , and f o r some bond t y p e s i t i s e s s e n t i a l t o go beyond t h e d o u b l e z e t a o r e q u i v a l e n t s p l i t -v a l e n c e sp b a s i s s e t s i z e . The c o m b i n a t i o n o f ab initio c o m p u t a t i o n a t a moderate l e v e l w i t h t h e use o f o f f s e t v a l u e s can p r o v i d e h i g h l y a c c u r a t e s t r u c t u r a l r e s u l t s i n f a v o r a b l e c a s e s , o f t e n exceeding t h e accuracy o f e x p e r i m e n t s a v a i l a b l e t o e v a l u a t e t h e e r r o r l i m i t .
An i n d i r e c t t e s t has been made by comparing computed C-H d i s t a n c e s i n a w i d e v a r i e t y o f compounds w i t h observed C-H i s o l a t e d s t r e t c h i n g f r e q u e n c i e s t h a t a r e b e l i e v e d t o be a s e n s i t i v e measure o f C-H bond l e n g t h ( r e f , 5 ) . I n t h i s t e c h n i q u e , a C-H mode i s i s o l a t e d by s u b s t i t u t i n g a l l b u t one of t h e hydrogen atoms i n a m o l e c u l e w i t h d e u t e r i u m . The comparison gave e v i d e n c e f o r c o n s i s tency t o a t l e a s t a l e v e l o f ?O.O0005A.
A p p l i c a t i o n s o f t h e t e c h n i q u e a r e now so numerous t h a t any e x t e n s i v e r e v i e w o f them i s beyond t h e scope o f t h i s paper.
Most bond a n g l e s can be Bond d i s t a n c e s have non-zero o f f s e t F i g . 1 .
Schematic r e p r e s e n t a t i o n o f t h e e r r o r i n c a l c u l a t i n g some s i n g l e t y p e o f s t r u c t u r a l parameter i n a v a r i e t y o f mole c u l a r environments. 
Fully ab inirio evaluation of geometrical parameters
Computation o f s t r u c t u r e a t a modest quantum chemical l e v e l coupled w i t h o f f s e t v a l u e c o r r e c t i o n e s s e n t i a l l y s o l v e s t h e problem f o r a wide range of o r g a n i c c h e m i s t r y , b u t t h e r e i s an even w i d e r range which cannot be handled by t h i s approach f o r a v a r i e t y o f reasons. The compounds may be t o o l a r g e f o r e x i s t i n g computers, t h e y may c o n t a i n heavy atoms f o r which n o n -r e l a t i v i s t i c c a l c u l a t i o n s w i t h e x i s t i n g b a s i s s e t s a r e i n s u f f i c i e n t l y a c c u r a t e , they may r e q u i r e m u l t i c o n f i g u r a t i o n wavefunctions, o r , most commonly, t h e y may have no c l o s e , s t r u c tu r a l l y c h a r a c t e r i z e d chemical r e l a t i v e s from which o f f s e t values can be o b t a i n e d .
I m p o r t a n t examples of t h e l a t t e r d i f f i c u l t y a r i s e w i t h most i n o r g a n i c molecules and w i t h molecules i n r e a c t i o n t r a n s i t i o n s t a t e s o r o t h e r w i s e remote from e q u i l i b r i u m so t h a t t h e c o m p u t a t i o n a l e r r o r f o r a g i v e n bond t y p e may be expected t o be s i g n i f i c a n t l y d i f f e r e n t from t h a t i n t h e e q u i l i b r i u m s t a t e s where t h e o f f s e t v a l u e was determined.
The computer t i m e r e q u i r e d f o r s t a n d a r d Hartree-Fock procedures v a r i e s as n4 w i t h m o l e c u l a r s i z e . The r e c e n t r a p i d improvements i n canputer speed and, a t l e a s t as i m p o r t a n t , i n memory s i z e and a c c e s s i b i l i t y have g r e a t l y expanded t h e s i z e o f molecules f o r which c o m p u t a t i o n a l s t u d i e s a r e p r a c t i c a l . The p r e s e n t r e c o r d seems t o be a c a l c u l a t i o n on C 1 5 H30 employing 1,560 c o n t r a c t e d Gaussian b a s i s f u n c t i o n s ( r e f . 6 ) . Such a c a l c i i l a t i o n wou?d t n v o l v e t h e e v a l u a t i o n and repeated use o f something on t h e o r d e r o f 7 x l o 1 ' t w o -e l e c t r o n i n t e g r a l s , l e s s those saved by use o f t h e hexagonal symmetry o f t h e molecule.
Storage and r e t r i e v a l o f such a q u a n t i t y o f i n f o r m a t i o n i s i m p o s s i b l e on any p r e s e n t computer, so t h e problem was done by r e c a l c u l a t i n g t h i s v a s t number o f i n t e g r a l s and d i s c a r d i n g them each t i m e they were used. On v e r y l a r g e computers, computation i s now l e s s o f a problem than s t o r a g e .
E f f o r t s t o s o l v e t h e Hartree-Fock e q u a t i o n s by o t h e r methods a r e c o n t i n u i n g .
One v e r y p r o m i s i n g new approach i s t h e pseudospectral method b e i n g developed by F r i e s n e r ( r e f . 7) from which he expects an i n c r e a s e i n speed by t h r e e o r d e r s o f magnitude compared w i t h c o n v e n t i o n a l methods. So f a r , t h e procedure has been a p p l i e d t o o n l y one t r i a t o m i c m o l e c u l e , H20, b u t development i s c o n t i n u i n g .
A s shown i n F i g . 1 , however, a c c u r a t e bond l e n g t h d e t e r m i n a t i o n r e q u i r e s i n c o r p o r a t i o n of e l e c t r o n c o r r e l a t i o n . f o r g e o m e t r i c a l parameters can be o b t a i n e d t h a t agree w i t h even e x c e p t i o n a l l y a c c u r a t e experimental v a l u e s , a l t h o u g h t h e c o m p u t a t i o n a l l e v e l r e q u i r e d i s h i g h . The s i z e l i m i t a t i o n on such s t u d i e s comes from t h e v e r y steep depend nce o f h i g h -q u a l i t y c o r r e l a t i o n t r e a t m e n t s on m o l e c u l a r s i z e , a dependence t h a t v a r i e s as n .
much o f a c o n t r i b u t i o n toward e x t e n s i o n o f such s t u d i e s t o a p p r e c i a b l y l a r g e r m o l e c u l e s , s i n c e an i n c r e a s e by a f a c t o r o f 1,000 i n computer speed and memory would i n c r e a s e t h e s i z e
As an exanple, Table 1 , taken from r e f . 8, shows t h a t computed v a l u e s % Improvement i n computers a l o n e can n o t make TABLE 1 . Bond l e n g t h s and f o r c e c o n s t a n t s o f hydrogen cyanidea b
Compu tedC SCF SCF+ C I P a r a n e t e r d Experimental 676. aBond l e n g t h s i n 8. The F ' s a r e f o r c e c o n s t a n t s , d e f i n e d as C6-311G4* ba i s p l u s a l l 'G. S t r e y and
eA. E. Douglas and E . o f molecules t h a t c o u l d be t r e a t e d by a f a c t o r of o n l y 3.2. t h e l o c a l c o r r e l a t i o n method ( r e f . 9) i n which l o c a l i z e d i n t e r n a l o r b i t a l s a r e used f o r expansion o f t h e m o l e c u l a r o r b i t a l s and t h e c o r r e l a t i o n space f o r each c o r r e l a t i n g p a i r o f o r b i t a l s i s r e s t r i c t e d t o a subset of t h e atomic o r b i t a l s . The method reduces t h e n6 t i m e dependence on m o l e c u l a r s i z e f o r c o r r e l a t i o n t r e a t m e n t s such as MP4 o r a l l s i n g l e s and doubles C I . The advantage i s c l e a r l y g r e a t e s t f o r l a r g e r molecules s i n c e t h e s i z e o f t h e v i r t u a l space i s independent o f m o l e c u l a r s i z e . Even f o r b u t a d i e n e , however, i t has been shown ( i -e f . 9) t h a t t h e l o c a l o r b i t a l approach r e c o v e r s over 97% o f t h e c o r r e l a t i o n energy found by t h e usual method a t a r e d u c t i o n o f more than an o r d e r o f magnitude i n computer t i m e .
Furthermore, t h e r e i s good reason t o b e l i e v e ( r e f . 9) t h a t a s i g n i f i c a n t p a
11). T h i s i s s t i l l s l i g h t l y o u t s i d e t h e p r o b a b l e e r r o r o f t h e e x p e r i m e n t a l r e s u l t , b u t n o t s u b s t a n t i a l l y so. The c a l c ul a t i o n used a t r i p l e z e t a b a s i s s e t augmented by two s e t s o f p o l a r i z a t i o n f u n c t i o n s and a
MP4 (SDQ) treatment o f e l e c t r o n c o r r e l a t i o n w i t h complete geometry o p t i m i z a t i o n a t t h e same l e v e l . I t was made p r a c t i c a l o n l y by use o f t h e l o c a l c o r r e l a t i o n method. A p r o m i s i n g new approach may be t i o n s
The c years t r a n s t h e v o s c i 1
I t i s d i f f i c u l t t o assess t h e q u a l i t y o f g e c m e t r i c a l parameters o b t a i n e d a t t h i s l e v e l o f t h e o r y f o r l a r g e r molecules because t h e r e a r e e x c e e d i n g l y few molecules o f t h i s s i z e f o r
which e x p e r i m e n t a l e q u i l i b r i u m geometries a r e known w i t h s u f f i c i e n t c e r t a i n t y . T e s t s on s m a l l e r molecules work we1 1 . For example, f o r e t h y l e n e bond l e n g t h s o f 1.334 and 1.083 8, have been c a l c u l a t e d a t t h e MP4(SDQ)/6-311G*" l e v e l ( r e f . 1 I ) compared w i t h e x p e r i m e n t a l values o f 1.334 and 1.081 a ( r e f . 13). l e v e l i s 1.531 a compared w i t h t h e e x p e r i m e n t a l v a l u e o f 1.526 a ( r e f . 14).
have p o i n t e d o u t t h a t bond l e n g t h s between second row elements a r e t y p i c a l l y s l i g h t l y o v e re s t i m a t e d a t t h i s l e v e l o f c a l c u l a t i o n , presumably because o f n e g l e c t o f t h e t r i p l e e x c i t a -F o r ethane, t h e C -C bond l e n g t h c a l c u l a t e d a t t h i s K r i s h n a n e t aZ.
( r e f . 1 5 ) .
DETERMINATION OF VIBRATIONAL FORCE FIELDS l c u l a t i o n o f m o l e c u l a r i n f r a r e d and Raman s p e c t r a has become q u i t e common i n r e c e n t t i o n f r e q u e n c i e s a u t o m a t i c a l l y . I n o u r o p i n i o n , however, i t i s more u s e f u l t o c o n s i d e r b r a t i o n a l f o r c e f i e l d s as t h e p r i m a r y c o m p u t a t i o n a l t a r g e t , even i f o n l y a harmonic a t o r t r e a t m e n t o f t h e v i b r a t i o n a l m o t i o n i s planned. I n t h e f i r s t p l a c e , t h e f o r c e f i e l d i s t h e q u a n t i t y t h a t c a r r i e s t h e m o l e c u l a r i n f o r m a t i o n . I f t h e purpose i s t o c o n t r i b u t e t o chemical u n d e r s t a n d i n g , t h e s p e c t r a l f r e q u e n c i e s must be c o n s i d e r e d o n l y as convenient observables from which t h e m o l e c u l a r i n f o r m a t i o n can be deduced. U n f o r t u n a t e l y f o r e x p e r im e n t a l i s t s , e x t r a c t i o n o f even t h e harmonic f o r c e f i e l d from e x p e r i m e n t a l i n f o r m a t i o n a l o n e i s p o s s i b l e o n l y f o r t h e s m a l l e s t molecules w i t h o u t e x t e n s i v e a p p r o x i m a t i o n , so t h i s area i s an open one i n w h i c h t h e o r y can make a v e r y d i r e c t and i m p o r t a n t c o n t r i b u t i o n . o f t e n making use o f t h e b u i l t -i n f e a t u r e s o f w i d e l y a v a i l a b l e programs t h a t compute
Empirical correction of computed force fields: Use of scaling factors E r r o r s due t o n e g l e c t o f e l e c t r o n c o r r e l a t i o n and use o f a f i n i t e b a s i s s e t a r e c o n s i s t e n t and s y s t e m a t i c f o r f o r c e c o n s t a n t s , j u s t as t h e y a r e f o r g e o m e t r i c a l parameters. T h i s , o f course, m i g h t be expected s i n c e b o t h a r e r e f l e c t i o n s o f t h e d e v i a t i o n o f t h e computed energy h y p e r s u r f a c e from t h e t r u e s u r f a c e . U n f o r t u n a t e l y , t h e e r r o r s a r e l a r g e r f o r Hartree-Fock computations a t t h e convenient double z e t a l e v e l , t y p i c a l l y 1 0 -20%, w h i l e bond l e n g t h e r r o r s from s i m i l a r c a l c u l a t i o n s a r e o f t h e o r d e r o f 1%. A p p l i c a t i o n o f s y s t e m a t i c c o r r e c ti o n s , t h e r e f o r e , cannot lead t o t h e same percentage accuracy i n v i b r a t i o n a l dynamics as i n s t r u c t u r a l c a l c u l a t i o n s . S t i l l , t h e c h e m i c a l l y u s e f u l i n f o r m a t i o n c o n t e n t comes from d a t a of lower accuracy than i n t h e case o f bond l e n g t h s , and supplementation o f experiment i s much more v a l u a b l e because o f t h e e x t r e m e l y l i m i t e d i n f o r m a t i o n t h a t can be o b t a i n e d from e x p e r iment a l o n e f o r any b u t t h e s m a l l e s t molecules. The most common approach i n v i b r a t i o n a l s t u d i e s i s t o compute t h e fundamental t r a n s i t i o n f r e q u e n c i e s (band c e n t e r s ) a t some modest quantum chemical l e v e l and t h e n m u l t i p l y them a l l by a s i n g l e s c a l i n g f a c t o r , perhaps 0.9. H i g h l y u s e f u l r e s u l t s have been o b t a i n e d by t h i s procedure, b u t we f i n d i t p r e f e r a b l e t o use a more e x t e n s i v e a n a l y s i s , based on t h e computed f o r c e f i e l d r a t h e r t h a n t h e t r a n s i t i o n f r e q u e n c i e s . T h i s approach i s u s e f u l because i t i s observed t h a t f o r c e c o n s t a n t s f o r d i f f e r e n t t y p e s o f v i b r a t i o n s a r e c o n s i s t e n t l y computed w i t h d i f f e r e n t magnitudes o f e r r o r . As w i t h o f f s e t v a l u e s f o r g e o m e t r i c a l parameters, a s m a l l s e t o f s c a l i n g f a c t o r s can be developed, each r e f e r r i n g t o a c e r t a i n t y p e o f v i b r a t i o n expressed i n i n t e r n a l c o o r d i n a t e s . These f a c t o r s a r e chosen t o b e s t reproduce t h e known
v i b r a t i o n a l spectrum o f one o r more r e f e r e n c e m o l e c u l e s and a r e then t r a n s f e r r e d t o c o r r e c t t h e computed harmonic f o r c e f i e l d s o f r e l a t e d s p e c i e s ( r e f . 1 6 ) . Dozens o f t e s t cases have now been r u n ( r e p r e s e n t a t i v e examples a r e 1 i s t e d as r e f . 17) and i t i s found t h a t s p e c t r a can be reproduced w i t h average d e v i a t i o n s on t h e o r d e r o f 10 cm-l w i t h o u t u s i n g any i n p u t d a t a from t h e m o l e c u l e i n q u e s t i o n . As b y -p r o d u c t s , t h e s e s t u d i e s have c l a r i f i e d a number o f u n c e r t a i n o r i n c o r r e c t assignments i n t h e e x p e r i m e n t a l s p e c t r a . The p r o c e d u r e t r a n s f e r s c o r r e c t i o n s f o r v i b r a t i o n a l a n h a r m o n i c
i t y t o t h e e x t e n t t h a t i t i s s i m i l a r i n r e l a t e d m o l e c u l e s as w e l l as c o r r e c t i o n s f o r c o m p u t a t i o n a l e r r o r s . I n some cases, f o r example a C-H s t r e t c h i n g v i b r a t i o n , i t i s r e a s o n a b l e t o suppose t h a t t h e a n h a r m o n i c i t y c o r r e c t i o n would be q u i t e s i m i l a r i n r e l a t e d m o l e c u l e s . The l a r g e s t m o l e c u l e s f o r w h i c h such c a l c u l at i o n s have been r e p o r t e d c o n t a i n about a dozen second-o r t h i r d -p e r i o d atoms and a c o r r e sponding number o f hydrogens. I t i s a l s o a s i m p l e m a t t e r t o o b t a i n approximate i n f r a r e d a b s o r p t i o n i n t e n s i t i e s f r o m t h e computed d i p o l e moment d e r i v a t i v e s w i t h r e s p e c t t o d i s p l a c e m e n t . E x t r e m e l y a c c u r a t e wavef u n c t i o n s a r e needed t o o b t a i n h i g h accuracy, b u t even modest-sized b a s i s s e t s w i t h o u t any c o r r e l a t i o n t r e a t m e n t can g i v e v a l u e s t h a t compare w i t h t h e s t r o n g , medium, weak c l a s s i f i c at i o n s t h a t a r e commonly r e p o r t e d from e x p e r i m e n t . I t i s a b i t l e s s r o u t i n e t o o b t a i n Raman i n t e n s i t i e s , b u t t h e s e can a l s o be computed.
One r e c e n t example t h a t i l l u s t r a t e s t h e u s e f u l n e s s o f t h e i n f o r m a t i o n t h a t can b e o b t a i n e d i n t h i s manner as w e l l as t h e accuracy t h a t i s a c h i e v a b l e has been p r e s e n t e d i n a r e l a t e d p a i r o f papers on r o t a t i o n a l isomerism i n a c r y l i c a c i d ( r e f . 18). A monomeric form o f a c r y l i c a c i d , H C-CHCOOH, was o b t a i n e d i n A r , K r , o r N2 m a t r i c e s and an i n f r a r e d spectrum was observed. i f i e r s e v e r a l hours i r r a d i a t i o n i n t h e u l t r a v i o l e t , s i g n i f i c a n t changes i n band i n t e n s i t i e s were n o t e d , The o b v i o u s i n t e r p r e t a t i o n was t o a t t r i b u t e them t o s-cis-and s-trans-conformers w i t h r e s p e c t t o r o t a t i o n around t h e C-C l i n k a g e , b u t t h e r e was no e v i d e n c e t o i n d i c a t e w h i c h spectrum corresponded t o w h i c h c o n f o r m a t i o n .
F o r c e f i e l d s were c a l c u l a t e d a t t h e H a r t r e e - 
i n c r e a s e d i n t e n s i t y on u l t r a v i o l e t r a d i a t i o n r e l a t i v e t o S e t 2.
Fully ab initio evaluation of vibrational potential surfaces
There i s l i t t l e p o i n t i n g o i n g beyond modest b a s i s s e t Hartree-Fock computations, c o r r e c t e d when p o s s i b l e w i t h s e t s o f s c a l i n g f a c t o r s , u n l e s s a n h a r m o n i c i t y i s considered. T a b l e 1
i l l u s t r a t e s t h e l e v e l o f accuracy i n harmonic and low-order anharmonic f o r c e c o n s t a n t s w h i c h can be o b t a i n e d u s i n g a reasonably h i g h l e v e l o f computation i n c l u d i n g a good t r e a t m e n t o f e l e c t r o n c o r r e l a t i o n . Compared w i t h e x p e r i m e n t , f r a v a i l a b l e i n t h i s example, t h e l a r g e s t c a n p u t a t i o n a c o n s t a n t s , w h i l e t h e o f f -d i a g o n a l q u a d r a t i c and t h e accuracy.
I n f a c t , we b e l i e v e t h a t t h e r e are v e r y c a l c u l a t e d a t t h i s l e v e l are n o t more a c c u r a t e than and e x t e n s i v e experiments needed t o o b t a i n t h e same o r h i g h e r -o r d e r f o r c e and c o u p l i n g c o n s t a n t s , i t i s c o u l d be o b t a i n e d by any experiment.
Consequently, c o n t r i b u t i o n s t o t h e p o t e n t i a l s u r f a c e can n o t come t h e corresponding elements deduced from experimenta t r a n s i t i o n f r e q u e n c i e s o b t a i n e d from t h e computed s a m a t t e r discussed more f u l l y below, n which unusual l y -r e l i a b l e r e s u l t s a r e e r r o r remains i n t h e d i a g o n a l q u a d r a t i c anharmonic c o n s t a n t s have b e t t e r r e l a t i v e ew cases i n which anharmonic c o n s t a n t s those o b t a i n e d from t h e v e r y d i f f i c u l t i n f o r m a t i o n .
For much l a r g e r molecules d i f f i c u l t t o see how s i m i l a r i n f o r m a t i o n t h e s t r i c t e s t t e s t o f computed anharmonic from d i r e c t comparison w i t h v a l u e s o f a n a l y s i s , b u t r a t h e r from comparison o f r f a c e w i t h those observed e x p e r i m e n t a l As can be seen from t h e example i n T a b l e 1 , a b s o l u t e computation o f p o t e n t i a l energy s u r f a c e s r e q u i r e s a v e r y h i g h l e v e l o f c a l c u l a t i o n , w h i c h r e s t r i c t s t h e procedure t o r e l at i v e l y small molecules.
Force c o n s t a n t s through s i o n s on t h e c a l c u l a t i o n s , l a r g e as these a r e , b u t from t h e tremendous number o f c o n s t a n t s r e s u l t i n g from f u l l evaluat i o n o f t h e c o e f f i c i e n t s i n t h e h i g h e r o r d e r expansion o f t h e energy, and from l a c k o f a b i l i t y t o do much u s e f u l w i t h t h e r e s u l t s .
I f l e s s complete i n f o r m a t i o n i s s u f f i c i e n t , i t i s worthy o f n o t e t h a t e v a l u a t i o n o f t h e q u a d r a t i c f o r c e f i e l d from numerical d e r i v a t i o n o f t h e energy g r a d i e n t , r a t h e r than by d i r e c t computation o f t h e second d e r i v a t i v e s , y i e l d s t h e d i a g o n a l and f i r s t o f f -d i a g o n a l c u b i c c o n s t a n t s w i t h o u t a d d i t i o n a l c o m p u t a t i o n a l c o s t ( r e f . 16).
C H + Since f o r c e c o n s t a n t m a t r i c e s a r e n o r m a l l y a v a i l a b l e i n c u r v i l i n e a r c o o r d i n a t e s w h i l e t h e k i n e t i c energy terms a r e most e a s i l y expressed i n r e c t i l i n e a r c o o r d i n a t e s , t h e f i r s t s t e p i s t o c o n v e r t these two c o n t r i b u t i o n s t o t h e H a m i l t o n i a n t o a common form. We have chosen t o c o n v e r t t h e p o t e n t i a l energy t o a r e c t i l i n e a r r e p r e s e n t a t i o n by a somewhat complex least-squares f i t t i n g procedure w i t h c a r e f u l t e s t s t o ensure no loss o f accuracy o v e r t h e r e g i o n o f t h e p o t e n t i a l s u r f a c e o f i n t e r e s t ( r e f . 22). I n s t u d i e s o f HCN ( r e f . 23) and o f CH3F and CHD2F ( r e f , 1 9 ) , i t was thought t h a t t h e q u a l i t y of t h e a v a i l a b l e a3 initio p o t e n t i a l s u r f a c e was such t h a t d i a g o n a l f o r c e c o n s t a n t s t h a t c o u l d be o b t a i n e d from i t would be l e s s a c c u r a t e t h a t those t h a t c o u l d be o b t a i n e d from e x p e r i m e n t , w h i l e a l l c o u p l i n g and anharmonic c o n s t a n t s were thought t o be more r e l i a b l e from t h e computation.
VIBRATIONAL ANHARMONICITY
W h i l e i t i s r e l a t i v e l y s t r a i g h t f o r w a r d t o compute a v i b r a t i o n a l p o t e n t a l s u r f a c e w i t h reasonable accuracy, i t i s n o t a t a l l a t r i v i a l m a t t e r t o o b t a i n t h e energy
Consequently, t h e d i a g o n a l q u a d r a t i c c o n s t a n t s were taken as v a r i a b l e s t o be f i t t e d t o t h e observed fundamental f r e q u e n c i e s , a l l o t h e r p o t e n t i a l terms coming from t h e computed s u r f a c e . The HCN s t u d y , as w e l l as o t h e r s of a s i m i l a r t y p e , p e r m i t s an i n v e s t i g a t i o n o f t h e e x t e n t t o which t h e l o c a l mode concept o f o v e r t o n e bands o f t h e C-H s t r e t c h i n g mode i s v a l i d . l i s t s t h e c o n t r i b u t i o n s g r e a t e r than 0.1 t o t h e e i g e n v e c t o r s o f t h e C-H s t r e t c h i n g fundamental Work on hexatomic i o n s , C3H; These c a l c u l a t i o n s a r e based on f u r t h e r T a b l e 3 and o v e r t o n e s . An i n t e r e s t i n g f e a t u r e o f these s t a t e s i s t h a t t h e e i g e n v e c t o r s c o n t a i n s i g n i f i c a n t c o n t r i b u t i o n s from b a s i s f u n c t i o n s w i t h two quanta i n t h e bend. I n C D H , such c o n t r i b u t i o n s have been a t t r i b u t e d t o Fermi resonance stemming from t h e bending fuAdamenta1 b e i n g a p p r o x i m a t e l y h a l f o f t h e C-H s t r e t c h i n g fundamental ( r e f . 24).
Such i s n o t t h e case i n HCN. The l a r g e c o n t r i b u t i o n s h e r e stem n o t from near resonance b u t from l a r g e m a t r i x elements (0,0,0,vCH[H]0,2,0,vC -1). c u r v a t u r e o f t h e p o t e n t i a l suryace. be g e n e r a l r a t h e r than b e i n g r e s t r i c t e d t o s p e c i a l cases i n w h i c h t h e s t r e t c h fundamental i s a m u l t i p l e o f t h e bend fundamental ( r e f . 2 2 ) .
These l a r g e m a t r i x elements a r e a consequence o f t h e Stretch-bend i n t e r a c t i o n s o f t h i s t y p e shoud t h e r e f o r e 
) except t h a t t h e t r e a t m e n t has been c o m p l e t e l y t h e o r e t i c a l w i t h no f i t t i n g t o any s o r t o f e x p e r i m e n t a l d a t a .
t i m e , o n l y powder o r s o l u t i o n d a t a a r e a v a i l a b l e , so t h e observed f r e q u e n c i e s may be somewhat p e r t u r b e d by i n t e r a c t i o n w i t h s o l v e n t molecules and w i t h t h e c o u n t e r i o n . V a r y i n g t h e l a t t e r had l i t t l e e f f e c t , however, so t h e e r r o r may be s m a l l . As an i l l u s t r a t i o n o f t h e r e s u l t s , Table 4 shows t h e fundamental bands o f C3H;
as c a l c u l a t e d u s i n g t h e harmonic o s c i 1 l a t o r a p p r o x l m a t l o n , as computed f r o m t h e f u l l anharmonic t r e a t m e n t , and as observed i n t h e Eaman spectrum ( r e f . 20). We a r e v e r y pleased w i t h t h e r e s u l t , c o n s i d e r i n g t h a t t h i s i s an absol u t e c a l c u l a t i o n w i t h no use of e x p e r i m e n t a l d a t a and a l s o t h a t t h e e x p e r i m e n t a l v a l u e s a r e from s o l u t i o n r a t h e r than from gas-phase experiments. I t i s i n t e r e s t i n g t o n o t e t h e magnitude of t h e c o n t r i b u t i o n s of a n h a r m o n i c i t y , r a n q i n q up t o 129 cm-l f o r t h e C-H s t r e t c h i n g 3 3 A t t h e p r e s e n t . . 
